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ABSTRACT 

The concept of homeostasis and i t s  r e l a t i o n s  t o  

c o n t r o l  and r e g u l a t i o n  is  b r i e f l y  d iscussed  and t h e  ideas 

leading  t o  t h e  concept of t h e  u l t r a s t a b l e  hierarchic 

c o n t r o l l e r  are skefched. Previous e l e c t r o n i c  r e a l i z a t i o n s  

of homeostatic c o n t r o l l e r s  are discussed,  and a new 

homeostat is described b r i e f ly ,  The machine, p re sen t ly  

under cons t ruc t ion ,  has a number of new and u s e f u l  fea- 

t u r e s  and these are described, toge the r  w i t h  experiments 

t o  be performed when t h e  machine is  complete, 
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HOMEOSraSrS ISID HCBIEDSTATS 

Homeostasis, in the sense commonly employed in the 

field of biological computation*, is the cybernetic abstrac- 

tion of the commonly occuring processes of regulation in 

real complex systems. 

abstraction to the purely functional (or systems) level 

(see Pask, 1961; Ashby, 1960, for  a fuller discussion). 

"Real complex systems" is usually taken to mean biological 

systems, but it can equally well mean social, psychological, 

etc. Homeostasis means more than just regulation. It 

means adaptive regulation or control, regulation of key or 

essential variables of the system--in other words, varia- 

bles that must be kept within certain prescribed ranges in 

order to ensure the functional and/or structural. integrity 

of the system. 

By cybernetic abstraction is meant 

Consider the simplest form of regulator, shown in 

schematic form in Figure f. E is the environment with 

disturbances D, C is a controller attempting to maintain 

some variable x constant in the face of D, and f,g are the 

couplings between E and C. This simple type of controller 

is usually encountered when the nature of E is fully 

known, when D and its effects on x are understood and 

known and when the changes induced in x by D are not too 

"wild, " 

*As distinct from the purely physiological use of the term, 

which is generally somewhat narrower in its implications. 
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FTgure 1 

Now i f  C is  n o t  f u l l y  informed about t h e  n a t u r e  of E and 

D, and i f  t h e  e f f e c t s  of D on x are l iab le  t o  be drastic,  

it is  advantageous f o r  C t o  be a b l e  t o  change i t s  mode of 

c o n t r o l  of x. I f  C has been using method c1 t o  c o n t r o l  x, 

and i f  C starts t o  "lose c o n t r o l " , i f  x i s  per turbed s u f f i -  

c i e n t l y  t o  go o u t s i d e  i t s  permiss ib le  range, then C could 

change i t s  mode of c o n t r o l  from cl t o  c2, and on through 

c3, c4, etc., u n t i l  it rega ins  c o n t r o l  of x, i .e . ,  u n t i l  

x i s  once again brought w i th in  i t s  permiss ib le  range. T h i s  

i s  p r e c i s e l y  what an adapt ive  c o n t r o l l e r  does, The exac t  

method of changing the  mode of c o n t r o l  of course,  depends 

on t h e  p a r t i c u l a r  system. I t  can be m e r e  v a r i a t i o n  of a 

parameter such as ga in  i n  t h e  feedback loop,  o r  it can be 

a radical change i n  t h e  organiza t ion  of  C. This  type  of 

c o n t r o l l e r ,  t h e  simple adapt ive  c o n t r o l l e r ,  can be repre-  

s en ted  schematical ly  as i n  Figure 2 .  
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Figure 2 

Here the arrow through box C ,  the controller, indicates 

change in the mode of operation of C. Figure 2 can be 

redrawn as in Figure 3. This system is now seen to be 

exceedingly similar to the "directive correlation" of 

Sommerhoff I. ( 1 9 5 0 ) .  

D 

Figure 3 
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In Figure 2, the arrow leading into C and labeled "input" 

is the "set-point" or value of x that C is required to 

maintain. By careful choice of functions f and g, this 

can often be set equal to zero, and hence eliminated. 

A simple example of an adaptive controller ukilizing 

simple variation of gain is shown schematically in Figure 

4 .  This is the Sperry adaptive autopilot, The function 

of the controller is to maintain aircraft attitude con- 

stant in the face of environmental perturbations by use of 

an actuator operating a contro.1 surface. However, changes 

in aircraft speed, air density, and other environmental 

parameters affects the stability of control. The relative 

stability of the actuator airframe system is continuously 

measured by the damping of the actuator, and the evalua- 

ztive feedback loop adjusts the gain of the controller to 

maintain optimum damping. The study of adaptive control 

systems of this nature is of course a field in its own 

right, and is discussed in great detail in, for example, 

Mishkin and Braun, (1961). 

An example of an adaptive regulator utilizing dis- 

continuous changes in the mode of operation of C is the 

automatic gain control circuit in a sophisticated communica- 

tions receiver. This system is shown schematically in 

Figure 5. The controller C contains the automatic gain 

control (AGC) circuits of the receiver, which forms the 

environment E. The AGC circuits, via the loop I, serve 
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to maintain the detector output constant in the face of 

fluctuating signal strength at the antenna A. The receiver 

in E however, may have to receive many different types of 

signals, (CW, MCW, SSB, ete), and to do so and at the same 

time maintain constant output requires several different 

AGC circuits. The selection of the, particular circuit 

used is under the control of the evaluative feedback loop 

11, a loop containing the operator, This loop also con- 

trols for drastic changes in the environment, changes 

due to extreme disturbances D. 

As a final example it may be noted that some psycholo- 

gical theories invoke analogous mechanisms, (Freud; Miller, 

19481, Direct expression is preferably utilized to keep 

the level of internal pressure or drive at some suitable 

value, and this control loop corresponds to loop I above. 

However, direct expression is often thwarted by the 

particular social and psychological environment, and in 

this case displacement or sublimation, or even more 

drastic measures such as repression or denial are employed. 

The type of control employed--direct expression, or dis- 

placement, or sublimation, etc.--corresponds to the 

evaluative loop I1 in the above examples, 

The examples given above are obviously grossly over- 

simplified. What are the most obvious factors that have 

been neglected? Rather than deal with just one variable, 

a controller generally has to deal with a set of variables, 



all affected by D fn different ways and to different 

degrees, and often interacting to varying extents, The 

adaptive or evaluative feedback may be different for each 

variable, requiring a multiplicity of type PI loops. In 

such cases it is generally convenient to decompose C 

into a set of controllers Clr C2, 

fng to regulate one of the variables xl, x2,  

This is shown schematically in Figure 6 ,  Here evaluative 

Cn, each attempt- 

, xn. 

feedback is regarded as being fed to each controller 

directly, but more generally it may be regarded as input 

to a "supercontrolPer" C, which in turn regulates the 

Ci as in Figure 7. 

parlance, the general ultrastable* system. That of 

The system in Figure 6 is, in Ashby's 

,Figure 7 may be extended to the most general adaptive 

controller of all, the general hierarchic ultrastable 

system, Figure 8, This is a hierarchy of controllers, 

sometimes termed a mufti-stable system or controller. At 

any level of control L events occur in some metalanguage, 

as distinct from the object language occuring in the 
j F  

real environment. The "environment" of level L. is just 
3 

the level of controllers immediately below L and it 

is in this "environment" that L. attempts to control 

distupbances. 

j r  

3 

*AS distinct from pofystable, which only refers to a system 
with many equilibria1 states, making no reference to 
control, feedback, or evaluation. 
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Now let US re turn t-o the simplest ultrastable system, 

Figure 2, The artefacts" called homeostats arise from this 

particular conceptualization of adaptive control, Speci- 

fically, the first homeostat constructed, that of Ashby 

(1948, 1960],-was a device for ewdrring and displaying 

ultrastable control and behavior, E% consisted of four 

basically linear first order servomechanisms that could be 

interconnected in a variety of ways, each servo having 

variable parameters (essentially signed gain) e One unit 

of the identical fou r  is shown schematically in Figure 9, 

I 
2 
3 
4 

.a OUTPUT 

Figure 9 

Adaptive change in the mode of control of each unit was 

achieved by allowing the outputs of some units to affect 

the parameters of others in non-linear fashion, The para- 

meters, in fact, were made to change discontinuously 

"Artefact in the sense of a man-made, physically realized 
device or machine, n o t  in the sense of something spurious 
(but we grant that the distinction is sometimes blurred). 



whenever selected ou tpu t s  exceeded some p r e s e t  value.  

Ashby's homeostat w a s  capable of demonstrating m o s t  of  t h e  

behaviors t o  be expected from a f i r s t - o r d e r  u l t r a s t a b l e  

c o n t r o l l e r  (see Ashby,1960, f o r  f u l l  de t a i l s ) ,  However, 

adapt ive  v a r i a t i o n  i n  t h e  mode of ope ra t ion  of t h e  con- 

trollers could only  proceed by discont inuous v a r i a t i o n  of 

parameters,  and no t  a t  some deeper l e v e l  such as q u a l i t a -  

t i v e  change i n  t ransfer  funct ion.  Fur ther ,  the  machine 

w a s  incapable  of being connected i n  a t r u e  h i e r a r c h i c  

fashion.  The value of  v a r i a b l e  a t  which parameter change 

w a s  i n i t i a t e d  w a s  permanently f ixed ,  and could no t  be 

modified by another  u n i t .  

Two o t h e r  homeostats a r e  discussed i n  t h e  l i t e r a t u r e - -  

$hat of  Haroules e t  a 1  (1960)  and t h e  device cons t ruc ted  
- s _  

by Zemanek ( 1 9 5 8 ) .  Haroules machine w a s  o r i g i n a l l y  develop- 

ed i n  connection w i t h  an FAA a i r  t r a f f i c  c o n t r o l  research 

program, and w a s  e s s e n t i a l l y  s i m i l a r  t o  Ashby's, The only 

d i f f e r e n c e  w a s  i n  t h e  number of u n i t s ,  1 6  compared t o  the  

fou r  of Ashby, Very l i t t l e  work was done w i t h  t h i s  machine; 

a few s t a t i c  and dynamic responses were determined before  

the  program w a s  apparent ly  terminated. The homeostat 

cons t ruc ted  by Zemanek appears t o  be i d e n t i c a l  t o  Ashby's, 

t he  only d i f f e r e n c e  being i n  i t s  use. An at tempt  w a s  made 

t o  couple t h e  device t o  an e x t e r n a l  environment, and w h i l e  

i n t e r e s t i n g ,  w a s  apparent ly  never pursued i n  d e t a i l ,  



WHY A NEW HOMEOSTAT? 

a. Why not! 

b. A readily programmed and flexible machine would 

be of great use as a teaching instrument, Such a machine 

should allow immediate visualization of phase plane be- 

havior, and should provide for simple and effective control 

of all system parameters, It must of course be capable of 

demonstrating all the basic properties of simple ultra- 

stable and adaptive systems; i.e., it must do all that 

Ashby's machine did, It would be advantageous if the 

device w a s  capable of demonstrating the properties of 

simple hierarchies of adaptive controllers, (Pask, B961) , 
and could readily be coupled to some external environment. 

c, With the recent development of inexpensive inte- 

grated circuit operational amplifiers it has become 

possible to construct a relatively inexpensive yet precise 

voltage analog, with the accompanying simplicity of read- 

out and connection. This method of construction also allows 

for repetitive automatic operation, and the investigation 

of a variety of linear and nonlinear transfer functions. 

THE PROPOSED MACHINE 

The proposed and partially completed machine is shown 

in part in Figure PO. This figure shows one of four 

identical units making up the machine; only signal flow 

paths are included. Each unit essentially computes the 

following: 



vuj "i 
V L j  L j  

Figure 10 
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where for  t h e  j t h .  u n i t ,  y j ( t )  i s  t h e  output  a t  t i m e  t; 

x (t) are up to 5 i n p u t s ;  y.(O) i s  a cons tan t ;  k i s  a 

cons t an t  

gene ra l ly  discont inuous manner. 

q 9 
(t) are ga ins  dependent upon t i m e  i n  a 

and a i j  

The j t h .  u n i t  possesses  fou r  i n p u t s  xij der ived  from 

o t h e r  p a r t s  of t h e  system o r  from t h e  j t h .  u n i t ;  it a l s o  

has one inpu t  z f o r  i n p u t s  f r o m  e x t e r n a l  sources .  Manual 

a t t e n u a t i o n  for each channel is provided by potent iometers  
s 

t h a t  can be switched i n  OF ou t  of c i r c u i t .  Automatic p i j  
random a t t e n u a t i o n  i s  provided by potent iometers  rijI 

switched by u n i s e f e e t o r s  U Stepping commands t o  t h e  ig * 

The U i j  a lso au tomat ica l ly  switch i n  ig O 
are inpu t s  s %-j 

and o u t  of c i r c u i t  t h e  i n v e r t i n g  a m p l i f i e r s  A i j ,  (which 

can be manually c o n t r o l l e d ,  i f  so d e s i r e d ) .  The rig and 

provide t h e  s tep- func t ions ,  (Ashby, l960)* I n  r e a l i t y ,  A i g  
i n  t h e  prototype machine t h e  U i j  w i l l  all be p a r t  of  one 

seaector U w i t h  2 5  p o s i t i o n s  as i n  Ashby's machine, 

t h e r e f o r e  y i e l d i n g  2s4 states f o r  t h e  whole machine. 

system w i l l  l a te r  be modified by e f f e c t i v e l y  adding more 

p o s i t i o n s  t o  U i nc reas ing  the  p o s s i b l e  number of machine 

states t o  about IO Another more i n t e r e s t i n g  modifica- 

t i o n  w i l l  be t o  add 3 more selectors p e r  u n i t ,  making t h e  

j' 
The 

S '  
8 

switching i n  t he  fou r  i n p u t  channels independent, and 
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y i e l d i n g  approximately lo1' states maximum, (far fewer i n  

p r a c t i c e  due t o  t h e  s m a l l  number of d i f f e r e n t  r e s i s t a n c e s  

avai lable--but  see the d i scuss ion  below) 

The a t t enua ted  and poss ib ly  inve r t ed  s i g n a l s  are 

added and i n t e g r a t e d  by t h e  o p e r a t i o n a l  a m p l i f i e r  i n t eg ra -  

Output y is taken from t h i s  u n i t .  I n i t i a l  con- 
jo j 

tor  I 

d i t i o n s  y . ( t )  may be set  on I by r e l a y  c i r c u i t s ,  e i t h e r  

manually o r  automatical ly .  The i n t e g r a t i o n  t i m e  cons t an t  
3 j 

may be r e a d i l y  changed, t hus  t ime-scaling t h e  i n t e g r a t o r .  

I n  p r a c t i c e  p 

network of I 

and rij  w i l l  be p a r t  of t h e  r e s i s t o r  i j  

1. 
The ou tpu t  of t h e  u n i t ,  y is fed t o  two comparators 

j' 

j 
These devices produce s i g n a l s  whenever y 

je 

3 Y j j 

CU. and CL 

exceeds VU. o r  fa l l s  below VL where VU and VL are 

l i m i t  levels t h a t  can vary over t h e  e n t i r e  dynamic range 

7 

j 
of t h e  machine. The comparators can either monitor y 

continuously,  o r  sample it a t  some p r e s e t  r egu la r  i n t e r v a l ,  

o r  even randomly. Normally the s i g n a l s  produced by t h e  

opera t ion  of t h e  comparators, i n d i c a t i n g  t h a t  y has 

exceeded some l i m i t ,  are used t o  s t e p  t h e  u n i s e l e c t o r s  i n  

t h e  same or  another  u n i t .  The l i m i t  levels VU. and VL 

can e i t h e r  be manually p r e s e t ,  o r  obtained f r o m  o t h e r  

j 

j 3 

outputs  yk. 

e x t e r n a l  environment of  t h e  machine. 

They can even be derived f r o m  events  i n  t h e  

A l l  connections t o  the  f o u r  u n i t s  are on a patch 

board on t h e  machine c o n t r o l  pane l ,  and are also available 

1 6  



via connectors, Each unit separately, o 

machine, may be set to a predetermined initial state at 

any time, therefore allowing cycling through some given 

behavior. All signals are available in a suitable form 

for driving displays such as X-Y plotters or a CRT, 

USES AND APPLICATIONS 

The prototype machine wi l have one uniselector per 

unit, with 25 positions per un selec%or, This will yield 

a maximum of 380,625 machine states, as in Ashby's homeo- 

stat, The machine will be used to demonetrate the behaviors 

discussed by Ashlby in Design for  a Brain, and to explore 

related phe omena in small ultrastable systems, It is 

hoped to make the sys em available to students in the 

author's course on Biological Computation, and it will 

certainly be used for demonstration purposes in that course 

where appropriate , 

In this system it is particularly simple to provide 

rather complicated const aints in the phase plane, just by 

incorporating several different comparators connected by 

simple logic circuits, the comparators being fabricated 

from diode and transistor function generators, Figure 11 

shows some possible constraints or critical regions in a 

two-variable phase plane, constraints and regions that can 

be synthesized-electronically in a simple fashion, The 

behaviors of the ultrastable system under a variety of 
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more o r  less p e c u l i a r  c o n s t r a i n t s  w i l l  be examined. 

Some or  a l l  of the  cr i t ical  regions and c o n s t r a i n t s  

can be c o n t r o l l e d  by t h e  machine i tself ;  for  example, by 

de r iv ing  a CL o r  CU f r o m  a yk. The machine can t h e r e f o r e  

n o t  only change i t s  own mode of-behavior; b u t  change t h e  
j j 

r e g i o n - w i t h i n  which it can opera te ,  A p a r t i c u l a r l y  

i n t e r e s t i n g  case is  shown i n  Figure 1 2  below. 

D 

Figure 1 2  

Evalua ive 
Coupling 

H e r e  t h e  system is organized i n  a h ie rarchy ,  and is  actu-  

a l l y  a s p e c i a l  case of t h e  h i e r a r c h i c  u l t r a s t a b l e  c o n t r o l l e r  

d i scussed  by Pask (1961,  f o r  example). Events i n  t h e  

'world" o f  t h e  system, i .e.,  perturbhtionslintroduced by 

t h e  o p e r a t o r p  and t h e  recorder pen p o s i t i o n ,  are i n  the 

o b j e c t  language. Events i n  u n i t s  3 and 4 are i n  metalan- 

guage L1, and events  i n  u n i t s  1 and 2 are i n  metalanguage 

1 9  



s 3 and 4 form a subco t rol ler  o r  subcon t ro l l e r s ,  

having t h e i  reg ions  set by t h e  master 

1 and 2, The eva lua t ive  eouplfng E can be derived f r o m  

t h e  "world" as,  say ,  t h e  average d is turbance  over some 

per iod  of t i m e ,  or  as t h e  a rage nwnber of mise 

t r a n s i t i o n s  i n  u n i t s  3 and 4 p e r  u n i t  t i m e ,  

~t is of i n t e r e ~ t  to he au thor  t o  couple the  system, 

organized i n  a hierarchic fash ion ,  t o  some artefact i n  

t h e  real world such as Grey Walter's M e  Docflis or M e  

Speeu la t r ix ,  or  a muta t i  n t he reo f ,  T h i s  has been suggested,  

bu t  t o  t h e  a u t h 0 r V s  knowledge never been ried I (Zemanek 

19581 

As mentioned above, t er of states of  t h e  

eystem can be increased  en y by adding some 

minor c i r e u f t s ,  There is $Be reason t o  do t h i s  f o r  i t s  

own sake, as t h e r e  is a f i rni t  t o  the  n r of  d i f f e r e n t  

resistors available for t h e  a t t e n u a t o r s ,  

can only  be measured and recorded o a c e r t a i n  accuracy. 

Fur ther ,  an increased  number of s t a t e s  will only g r e a t l y  

lengthen t h e  average convergence t i m e  t o  s t a b i l i t y .  How- 

ever, t he  t o t a l  number of  states, about. BO , can be 8 

divided i n t o  s u b s e t s ,  and t o  each subset can be attached 

a c e r t a i n  t r a n s f e r  func t ion ,  u sua l ly  non l inea ro  Within 

each subse t  the numerical values  0f  ga in  w i l l  be selected 

randomly, as in t h e  machine with fewer states, The sub- 

set  selection w i l l  also be on a andom basis, b u t  w i l l  be 

io 



c o n t r o l l e d  from a d i f f e r e n  source,  For example, i n  the 

hierarchic machine of Figure 11, u n i t s  l and 2 ( the  master 

c o n t r o l l e r )  will select %he s bse% of t r a n s f e r  func t ions  

used i n  u n i t s  3 and 4 ( t h e  s u ~ c o n t r o l l @ r s ~ ~  The subcon- 

trollers themselves w i l l  select the a c t u a l  ga in  used w i t h -  

i n  a given subset of t r a n s f e r  func t ions ,  So t he  master 

c o n t r o l l e r  selects t h e  overall way the  subcon t ro l l e r s  

r e g u l a t e  themselves and the  w o r l d l  thereby providing some 

measure of c o n t r o l  over drastic changes i n  %he world, 

Figure 1 3  shows some s u b s e t s  of simple t r a n s f e r  func t ions ,  

I n  each diagram, V2 is ou pu% and Vl is i n p u t ,  and p is 

the  parameter selected by the  subcon t ro l l e r s .  

slope p 

Figure 1 3  
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PROGRESS TO DATE 

A l l  mechanical work i s  e s s e n t i a l l y  complete, and a l l  

DC switching c i r c u i t s  have been wired, A l l  major patch 

board and c o n t r o l  k i r i n g  i s  complete, t oge the r  with 

a s soc ia t ed  monitor c i r c u i t r y .  

WORK NECESSARY TO COMPLETE 

The next  s t a g e  i n  t h e  cgmstruction of t h e  system i s  

t h e  design and f a b r i c a t i o n  of t h e  ope ra t iona l  a m p l i f i e r  

c i r c u i t r y .  This  c o n s i s t s  of  t h e  i n v e r t i n g  a m p l i f i e r s  

NO d i f -  
j" 

i n t e g r a t o r s  I and comparators CU and CL 
j v  j A i l  I 

f i c u l t y  is a n t i c i p a t e d  as t h e  c i r c u i t r y  u t i l i z e s  completely 

s tandard  analog computer techniques.  

The f i n a l  s t a g e  w i l l  be t h e  assembly of b u i l t - i n  power 

s u p p l i e s ,  and t h e  connection of t h e  s e p a r a t e  panels .  I t  

is  a n t i c i p a t e d  t h a t  t h e  system w i l l  be s u b s t a n t i a l l y  

complete and ope ra t ing  a t  l e a s t  a t  a p r imi t ive  level i n  a 

f e w  months ., 
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